Hydrogen
Introduction
Due to the increasing interest in energy shortage and environmental protection, much effort has been focused on the use of alternative fuels in internal combustion engines (ICE). Alternative fuels are clean, compared to fuels derived from petroleum. Natural gas (NG) is considered to be a possible alternative fuel due to its properties and higher octane number. NG is a mixture of diverse gases where methane is its major constituent (75e98% of methane; 0.5e13% of ethane; and 0e2.6% of propane [1] ). NG combustion causes less emissions than conventional fuels due to the less complex chemical structure of NG and the absence of evaporation phase of the fuel [2] . NG has the capability to completely mix with air eliminating regions with local rich mixture, thus reducing CO emissions. Also, NG produces less CO 2 emissions than gasoline for the same power output, due to its higher hydrogen to carbon ratio [3] . The high octane number of NG (between 120 and 130) represents an elevated anti-knocking potential [4] , allowing a spark ignition engine to be operated with a higher compression ratio than by gasoline, so higher thermal efficiency and lower fuel consumption are obtained. Additionally lean mixtures can be stably burned in engines, contributing to a further reduction of CO and HC emissions and an increase in thermal efficiency.
However, NG has a slow burning velocity, compared to other liquid hydrocarbons. Laminar burning velocity is an important property of the combustion process of any fuel/air mixture because fuels with higher burning velocities can improve engine performance [5] . The lower burning velocity in an NG engine requires advancing the spark timing as compared to the gasoline engine, in order to centre the combustion process and optimize indicated efficiency. Additionally the heating value per unit volume of a gaseous fueleair mixture is smaller than that of a liquid fuel. However, the heating value of the stoichiometric mixture is not so different which is represented by the Engine Fuel Quality (EFQ) defined in Ref. [5] .
To increase the burning velocity, it is possible to mix the NG with a fuel with a higher burning velocity, as can be hydrogen [6] . Hydrogen is an attractive fuel due to the variety of methods to produce it [7] and the variety of methods to produce energy from hydrogen (ICE, gas turbines, fuel cells). Some researchers [8, 9] , have mixed hydrogen with NG or gasoline to increase the burning velocity and then improve the combustion process. The laminar burning velocity of stoichiometric hydrogen-air mixtures is much higher than that of methane (around six or seven times higher at 350 K) [10e13] . Another important thing to consider is that the heating value per unit volume of a NGehydrogeneair mixture is almost independent of the relative NG/hydrogen ratio [14] .
The burning velocity of NGehydrogen mixtures varying from 0 to 100% have been obtained at different conditions of temperature and pressure. For example, Huang et al. [15] studied the laminar flame characteristics of NGehydrogen mixtures at normal temperature and pressure, showing that laminar burning velocities increase substantially with the increment of the percentage of hydrogen in the mixture. Also Huang et al. [16, 17] studied the combustion characteristics, heat release, engine performance and emissions of a SI engine fuelled with NGehydrogen mixtures Hu et al. [18] developed an experimental and numerical study of lean mixtures of NGehydrogen at elevated temperatures and pressures over a wide range of hydrogen percentages in the mixture, showing an increment in the un-stretched laminar burning velocity with the hydrogen fraction and initial temperature. In other works, they studied the combustion characteristics of a SI engine fuelled with NG-Hydrogen and EGR [19, 20] .
Cycle to cycle variations in spark ignition engines fuelled with NG, hydrogen and mixtures of NG and hydrogen have been extensively studied [21e26], and also in engines fuelled with methanol [27] and ethanol [28] fuels. Sun et al. [25] studied the cyclic variations of an ICE fuelled with hydrogen. They investigated the effect of varying the fuel/air equivalence ratio, the rotational engine speed and the ignition advance angle on the cyclic variations, expressed by the coefficient of variation of the indicated mean effective pressure (COV IMEP ). Their results showed a reduction on the cyclic variations with the increment of the fuel/air equivalence ratio, because combustion rate increases with rich mixtures, resulting in a rapid combustion and improving combustion stability. Sen et al. [24] investigated the effect of the exhaust gas recirculation (EGR) on the cycle-to-cycle variations in a NG spark ignition engine, showing that as the percentage of EGR was increased, more persistent low frequency variations tended to develop. Wang et al. [26] studied the effect of hydrogen addition on cycle-by-cycle variations of the natural gas engine. Their results showed that the peak cylinder pressure, the maximum rate of pressure rise and the indicated mean effective pressure increased and their corresponding cycle-by-cycle variations decreased with the increase of hydrogen fraction at lean mixture operation. Huang et al. [21] analyzed the cycle-by-cycle variations in a spark ignition engine fuelled with natural gasehydrogen blends combined with EGR. Ma et al. [22] conducted a work to investigate the effects of hydrogen addition on the combustion behaviour and cycleby-cycle variations in a turbocharged lean burn natural gas spark ignition engine. They found that hydrogen addition contributes to reducing the duration of flame development, which has highly positive effects on reducing cycle-by-cycle variations. Reyes et al. [23] characterized mixtures of natural gas and hydrogen in a single-cylinder spark ignition engine by means of a zero dimensional thermodynamic model.
In the work developed by Tinaut et al. [27] different mixtures of NG and hydrogen have been used as fuels to analyze the effect of the addition of hydrogen on the CO and NO emissions, the optimal ignition timing and performance of an ICE.
The experimental study of the combustion process in internal combustion engines through analysis of the combustion chamber pressure is frequently used to accurately know the evolution of the relevant thermodynamic variables, such as temperature, heat release, turbulent combustion speed, etc. These studies are usually focused on the improvement of thermal efficiency and reduction of pollutant emissions. Depending on the aim of the combustion study, different kinds or categories of models can be proposed: zerodimensional models, two-zone diagnostic models, multizone models, etc.
[28e30], all of them make a thermodynamic analysis of the pressure inside the cylinder during the combustion process. The outputs of the models are expressed
as characteristic variables such as the Mass Fraction Burned (MFB) and the burning velocity, among others.
However, the methodology based on analyzing the experimental inecylinder pressure suffers from the uncertainties associated to the measurement: pressure offset, angular positioning, heat transfer effects. These parameters have different values for each particular engine cycle. This makes difficult their adjustment, which is a need in order to obtain an exact diagnosis of the combustion process. In the present work, an adjusting method based on a genetic algorithm strategy is used in order to ensure an objective and optimal adjustment. Genetic algorithms were first introduced by Holland [31] . These algorithms are generally used to solve optimization problems and have been widely used [32, 33] , confirming to be a potent tool to solve complex problems.
The authors have developed a two-zone diagnostic model, with temperature dependent thermodynamic properties and consideration of heat losses, to perform an analysis of engine combustion pressure. In combination with a procedure based on genetic algorithms, the diagnostic tool can eliminate the subjectivity (i.e. bias errors) introduced by the operator in obtaining results and to increase the analysis capability to using hundred of engine pressure cycles. In the work, six series of 830 consecutive engine pressure cycles have been analyzed, obtaining the combustion diagnosis of each cycle.
The principal objective of this work is to obtain an estimation of the influence of the percentage of hydrogen in the fuel mixture of a single-cylinder spark ignition engine on the combustion velocity and cycle-to-cycle variations. Mixtures of natural gas and hydrogen in five different proportions (0, 25, 75, 100% of hydrogen in volume), with different engine speeds (1000 rpm, 1750 rpm and 2500 rpm) and a fuel/air equivalence ratio of 0.7 are used as fuel in the engine studied.
Methodology

Experimental apparatus and procedure
The tests were performed in a single-cylinder, four-stroke, air cooled MINSEL M380 engine. This engine was originally designed to be a compression ignition engine, with a flat cylinder head and a bowl-in-piston combustion chamber. A number of changes were made to transform it into a spark ignition engine. The original injector was substituted by a spark plug and a modification in the piston was carried out in order to transform the combustion chamber and to reduce the original compression ratio. The dimensions of the cylinder are: 80 mm bore, 75 mm stroke, with an 11.4 compression ratio.
This engine was coupled to a 5.5 kW LEROY SOMER asynchronous machine that was used for motoring and braking, see Fig. 1 . The engine was instrumented for the measurement of mean engine performance variables to determine when it is stabilized, such as intake and exhaust pressures, and intake, exhaust, cylinder head and oil temperatures. When the engine is stabilized at a certain operating point, the instantaneous pressure in the combustion chamber is registered and stored in the digital oscilloscope. IMEP at each operating point is then calculated from the instantaneous pressure plot.
The experiments have been carried out at 0.7 fuel/air equivalence ratio, for three different engine rotational speeds: 1000 rpm, 1750 rpm and 2500 rpm, to discern the effect of the engine rotational speed on the cyclic dispersion. For each engine rotational speed the percentage of hydrogen in the natural gas was increased from 0, 25, 50, 75 and 100%. The composition of natural gas is showed in Table 1 .
Cylinder pressure measurement
In the experimental setup, the pressure inside the cylinder was measured by using a piezo-electric sensor AVL GU21D (maximum calibration error of 0.06%). This sensor was connected to a KISTLER 5018A1000 charge amplifier (maximum calibration error of 0.3%). The output signal of the charge amplifier was recorded on a Yokogawa DL750 Scopecorder (16 bits AD converter). The estimated error of the pressure acquisition is 0.36% over the measuring range. The crankshaft angle was measured using a free end AVL 360C.03 angular encoder. This encoder has 600 marks per revolution: i.e. a 0.6degrees resolution and also a single pulse per revolution signal. In order to synchronize the pressure signal with the crankshaft angle, the option of an external clock was activated Fig. 1 e Schematic diagram of the engine setup. 
in the Scopecorder. In Table 2 are presented the description of the tests carried out.
Mass flow set and measurement
The fuels used during the experiments were natural gas and hydrogen. The inlet mixture of NG, hydrogen and air was established with three BROOKS thermal mass flow controllers. These controllers are equipped with a proportional valve and an actuator. Therefore, the mass flow rate could be measured and controlled at once. A 5853S model was used for the air and a 5851S model was used for the NG and hydrogen. The mixture of the NG, hydrogen and air was formed in the inlet manifold, so the level of premixing was high and almost constant.
Thermodynamic model
MFB is determined from the experimentally obtained pressure in the engine combustion chamber by making use of a twozone thermodynamic combustion diagnosis model, based on solving the mass and energy conservation equations in two zones. . The model has a quasi-dimensional character, in the sense that it accounts for the flame front position, and solves the energy conservation equation in two zones, not only the apparent heat release. This model considers the separation of the combustion chamber into two-different zones: Burned (denoted with a b subscript) and unburned (denoted with an ub subscript), and the application of the conservation equations, with ideal gas behaviour in each zone. During combustion, the unburned zone converts into burned zone, which starts at the spark ignition electrodes, and the burned zone grows spherically in a concentric way with the combustion chamber wall. Among other variables, the outputs of this model are the temperature of the unburned and burned zones, and the burned mass fraction. From the latter, with the assumption of a spherical flame front, the burning velocity is obtained [34, 35] .
More specifically, the two-zone thermodynamic model is based on the following hypotheses: -The total mass inside the bomb is constant during the combustion process (no leakage). -Temperature, chemical composition and other intensive properties are represented by their mean values in each zone. -The pressure at any instant during the combustion is uniform and is the same throughout the chamber, because the engine combustion is considered a deflagration. -In each zone, the ideal gas equation is used as the thermal state equation. -The flame front is assumed to be semi-spherical. The change from the unburned to the burned state takes place across the flame front. -Unburned mixture is assumed to have the constant chemical composition given by the proportion of hydrogen/natural gas and equivalence ratio, while the composition of the burned gases is the equilibrium composition for the corresponding pressure, temperature and equivalence ratio. -Heat transmission is considered between each zone, burned and unburned, and the walls respectively, but not between both zones. The heat transmission surfaces of each zone are the part of wetted surfaces of the piston, cylinder head and cylinder walls of the burned and unburned zone respectively.
Under these conditions, the main equations of the twozone thermodynamic model are the following ones:
Energy equations:
Unburned zone :
Burned zone :
where the subscripts ub and b refer to the unburned and burned zones respectively, U is the internal energy, t the time, Q the heat loss to the walls, W the work done over each zone due to the volume change, _ m the mass flow rate and h the specific enthalpy.
Mass conservation equations: 
Volume restriction:
where V is the volume of the chamber of combustion, depending on the crank angle, V ub and V b are the volumes of the unburned and burned zones, which are calculated with a geometrical model explained in the following section. State equation in each zone:
where R is the gas constant particularized for the gas composition of each zone (unburned and burned), p the pressure and T the temperature of each zone. The internal energies, heat fluxes, work fluxes and enthalpies can be calculated as functions of temperatures, volumes, chemical composition and pressure. The unburned zone composition is constant and known, while the burned zone composition can be obtained with the pressure, the burned zone temperature and the unburned zone composition, by supposing chemical equilibrium. The flame front position or, what it is equivalent, its radius, can be obtained from the geometrical model.
The burning velocity is then calculated as a result from the mass burning rate, the unburned mixture density and the flame front surface, according to the following expression:
where C c is the burning velocity, r ub is the density of the unburned mixture and A f is the flame front surface.
Geometrical model for the flame during combustion process
In Eq. (9) the unburned zone density is obtained from the unburned temperature and the chamber pressure, the combustion rate is a result of the thermodynamic model, and the flame front area is the area of a semi-spherical surface contained inside the volume of the burned zone, but taking into account the instantaneous position of the piston. The radius of the flame front and especially the intersections of the flame front with the piston and the wetted surfaces (piston, cylinder head, and cylinder wall) are calculated by means of a geometrical model, by considering two main cases: firstly when the flame front does not yet touch the piston (and thus is semi-spherical) and secondly when the flame front touches the piston and is the initial semi-sphere is distorted. In the following sections both cases are explained in detail.
Flame front does not touch the piston
In Fig. 2i a schematic picture of the flame front is represented when the first does not yet touch the piston. In this case the flame front area is straightforwardly given by the burned volume V q with the hypothesis of a semi-spherical flame front of radius R f .
Flame front intersects the piston Fig. 2ii represents the case in which the flame front intersects the piston, where Xp is the piston distance with respect to the cylinder head, R 0 is the radius of the cylinder defined by the flame front and piston intersection (see Fig. 2ii ), r is the generic distance to the axis of the piston and y(r) is the depth of the piston bowl relative to the piston upper face for each r. Then, the burned volume is the addition of three parts:
where:
This integral can be solved by discretizing it in N points with the piston bowl depth as a function of the radius R p :
Fig. 2 e Geometrical configuration: (i) the flame front does not touch the piston, and (ii) flame front intersection with the piston.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 2 0 6 4 e2 0 7 4 V 2 is calculated as the volume of a semi-sphere with radius R, minus the volume of a cylinder of height Y 0 and radius R 0 , and minus the volume of a spherical cap with a radius R 0 and height l 0, see Fig. 2ii .
V 3 is calculated as the volume of a cylinder with radius R 0 and height X p .
At any instant, V 1 , V 2 and V 3 are calculated by iterating the value of the radius R until their summation reaches the value of the burned volume V q ¼ V 1 þ V 2 þ V 3 . Then the flame front radius and area take the following values:
Genetic algorithm
With the purpose of processing the pressure data with the thermodynamic model, the authors use an application of genetic algorithms to solve the positioning of the pressure diagram and to adjust the rest of parameters of the engine that are difficult to know precisely. Genetic algorithms are based on Darwin's Theory of Evolution: the best adapted individuals are selected to survive and to be the progenitors of the next generation. Thus by this selection, the best genetic combination is transmitted to the following generation of individuals. This procedure, repeated numerous generations, ends with a new, better-adapted individual. This method is programmed to obtain the most precise combustion diagnosis for each engine cycle. This ensures that the best determination of MFB is obtained for each cycle in an objective manner.
Any genetic algorithm used to solve an optimization problem has several concepts in common: individual, codification, fitness function, selection and genetic operators. The criterion to select the best adapted individuals is applied by using the fitness function Z (applied to the MFB calculated with the diagnostic model for each individual codification).
Each individual is characterized by its codification. The parameters that must be adjusted by the algorithm are: Angular position, pressure offset, compression ratio and a multiplier of the heat transfer coefficient, calculated by using Woschni's correlation [36] . The evaluation criterion to select the better adapted individuals is a fitness function which is applied to the result of the diagnostic model, run with the parameters of each individual. The general objective of the optimization procedure is to reduce the error of the fitness function, for each of the cycles registered, both for motored conditions (mass fraction burned zero, 11 cycles) and combustion conditions (mass fraction burned different from zero, 830 cycles in each operating condition). Detailed information of the crossover function and the Z function can be found in Reyes et al. [23] where a full description of the used genetic algorithm is presented with supplementary information.
Results and discussion
Analysis of cyclic variations
In this section results of the burning velocity obtained with the thermodynamic model are analyzed for different engine speeds (1000 rpm, 1750 rpm and 2500 rpm) and fraction of hydrogen in the mixture of hydrogeneNG (0, 25, 50, 75 and 100) to study the influence of the fraction of hydrogen in the fuel mixture. The burning velocity C c that is presented is the result of ensemble averaging the values of 830 combustion cycles. This ensemble averaging process is done by considering all the values of C c of the individual cycles that have the same mass fraction burned (which is slightly different from ensemble averaging for the same angular position). In addition, the standard deviation (Sigma) and the coefficient of variation (COV ¼ C c /Sigma) are also presented and considered for the analysis.
Traditionally these three variables are plotted as functions of time. However, since combustion duration changes a lot from one operating condition to other, due to the strong differences of the laminar burning velocity of hydrogen and natural gas, plus the effect of engine rpm, it would be very difficult a direct comparison of results. For that reason, C c , Sigma and COV are represented versus the mass fraction burned (MFB), which always varies from 0 to 1. In Fig. 3 , an example of the burning velocity C c of 50 individual cycles plotted versus the mass fraction burned is presented. It can be seen that the cyclic dispersion in combustion pressure is reproduced in the burning velocity. The average value of burning velocity is made by ensemble-averaging the values of C c for each value of MFB (instead of crank angle-averaging for Fig. 3 e Plot of burning velocity C c of 50 combustion cycles versus the mass fraction burned MFB and comparison with the ensemble averaged burning velocity (in thick, red dots) for 1000 rpm and 25% of hydrogen in natural gas. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
each value of crank angle). The ensemble averaged value of C c is also plotted for comparison (in thick, red symbols). The analysis and plots of the rest of the paper refers to this ensemble averaged burning velocity, its standard deviation and its coefficient of variation.
In Fig. 4 the ensemble averaged burning velocity C c is represented versus the mass fraction burned (MFB) for the five different mixtures of hydrogen and natural gas. As the engine speed grows (from below to above) the burning velocity increases, as can be expected due to the turbulent nature of combustion flow. In all the three graphs it can be seen that the burning velocity increases as the fraction of hydrogen increases in the mixtures, independently of the engine speed.
However, the lines corresponding to 100% hydrogen are qualitatively different, since they are distinctly separated from the other, showing what it is known as "hydrogendominated combustion".
In Fig. 5 the standard deviation Sigma of the burning velocity is presented in the same conditions. This Sigma is an estimator of the cyclic variability, complementing other estimators such as the standard deviation of maximum pressure, indicated mean effective pressure or combustion duration [37] .
As can be seen in the three plots of Fig. 5 , there is a general effect of engine speed on the values of Sigma of C c , which increases as engine rpm increases (as the value of C c itself makes in Fig. 4) . This is again a consequence of the turbulence of the engine inecylinder flow, with a turbulent intensity that scales with engine speed, increasing not only the average value (C c ) but also its variability (Sigma). One important thing to point 4 out is that the variability of the burning velocity (Fig. 5) is much less dependent on the fraction of hydrogen in the fuel mixture, than the burning velocity itself (Fig. 4) , with perhaps the exception of pure hydrogen at 1000 rpm. For 1750 and 2500 rpm, it can be seen that the values of Sigma are similar in all the cases, with small differences when the hydrogen fraction changes. This suggests that the combustion process is mainly dominated by the turbulence inside the combustion chamber due to the admission and compression processes.
However, in the case of pure hydrogen at 1000 rpm, the values of Sigma are clearly higher than for the other fractions. This is probably a consequence of the very high transport properties of hydrogen, which at low levels of flow turbulence (i.e. low rpm) are more relevant that the enhanced transport effects due to turbulence.
In Fig. 6 the values of the coefficient of variation of the burning velocity (COV), calculated as the ratio of the standard deviation Sigma and the averaged value of the burning velocity C c , are plotted versus MFB for the three engine rpm and hydrogen fractions.
This COV represents a measurement of the dispersion of combustion speed relative to the average value. Since in addition the COV is dimensionless, it is usually considered as a better estimator of cyclic dispersion than just the standard deviation of Sigma. As can be seen, in general the values of COV vary much less with engine rpm than the separate values of C c and Sigma (which have both an increasing trend).
As regard to the trend with hydrogen fraction, the COV shows more distinctly than Sigma the effects of hydrogen contents in the mixture, with the lines in Fig. 6 much more separated than those in Fig. 5 . In particular, the values of COV for each value of MFB are ordered in descending values as the hydrogen fraction increases. This is an important conclusion, since it means that increasing the hydrogen content in the mixture with natural gas increases its burning velocity (Fig. 4) and reduces the relative dispersion of combustion (Fig. 6) . Moreover, while it is necessary to increase significantly the hydrogen content to have a relevant increase in burning velocity, the effect of hydrogen addition on reducing combustion variability is evident from at least 25%.
The effect on burning velocity of hydrogen fraction is shown in more detail in Fig. 7 . In it, several graphs are plotted, with the burning velocity versus the hydrogen fraction for each engine rpm. Since the burning velocity varies along the combustion process (check Fig. 4 This is in accordance to the fact that the dependence of C c on rpm is practically the same for 0.05 and 0.10 MFB. On the contrary for 0.75 MFB, the dependence of C c on rpm is smaller, since combustion rate at that MFB is more influenced by the previous combustion development than by initial flow turbulence. Fig. 8 shows combined results of the burning velocity for the three engine speeds as a function of the hydrogen percentage in the fuel mixture for each MFB value. The tendency of the burning velocity with the percentage of hydrogen, previously observed in Fig. 7 , appears clearly in Fig. 8 for the three engine speeds considered.
In this Figure also can be observed a big increment of the burning velocity when the percentage of hydrogen in the mixtures increases from 75% to 100% and appears for all the engine speed and MFB. This increment is more important for low engine speeds (i.e. for 1000 rpm the increase in the burning velocity is between 65 and 85%) and it is obtained for all the considered MFB values. The increment in the 
burning velocity for other engine rpm is less notable, around 45%, when the percentage of hydrogen in the mixture changes from 75 to 100%. This effect is visible from the early stage of combustion and keeps along all combustion process.
Conclusions
The work presented is based on the use of a two-zone thermodynamic model to analyze combustion pressure in a onecylinder spark ignition engine fuelled with hydrogen/natural 
gas blends under lean combustion. The geometric character of the model provides a means to relate the combustion rate and the burning velocity. The use of the model is complemented with a procedure based on genetic algorithms to objectively obtain the adjusting experimental values of the pressure plots.
The systematic use of the model on long series of more than 800 combustion cycles (experimental pressure-crank angle registers) allows obtaining quantitative values of the burning velocity (first as a function of crank angle and then of mass fraction burned), the ensemble-averaged value of burning velocity as a function of mass fraction burned, and the associated values of standard deviation and coefficient of variation. The graphical representation of these variables versus the mass fraction burned MFB allows identifying more clearly the trends as engine rpm and hydrogen fraction change.
From the analysis of results performed, the following general trends of the effect of hydrogen addition to natural gas can be reached:
Since the laminar burning velocity of hydrogen is much higher than that of natural gas, increasing the hydrogen content in the mixture with natural gas increases its burning velocity. This effect is more or less linear as hydrogen fraction increases from zero, except for very high values of the fraction, when the effect of hydrogen dominates combustion, even reducing the enhancing effect of flow turbulence. This effect is noticeable from the early phase of combustion (MFB equal to 0.05) and keeps along all combustion process (up to MFB higher than 0.75), for all values of engine rpm. The relative increase of combustion velocity is higher for low engine rpm (about 65% for 1000 rpm, and 45% for 1750 and 2500 rpm).
Additionally, increasing the hydrogen fraction reduces the relative dispersion of combustion, as measured by the coefficient of variation COV. This effect of hydrogen addition on reducing combustion variability appears for all engine rpm and is already evident for 25% hydrogen. Moreover the reduction is more important at the early stage of combustion (between 0.01 and 0.05 MFB). 
